Th e transgenic corn (Zea mays L.) drought-tolerant cultivar MON 87460 has the potential to increase grain production in high-waterdefi cit environments; however, these traits could also reduce yields when implemented in moderate-to high-yield environments. Th is study determined the infl uence of MON 87460, a corn cultivar that expresses the cold shock protein B, on corn grain yield, stover production, cob yields, root system declination, root/shoot ratios, root distribution, harvest index, and leaf area when grown in moderate-to high-yield environments. Research on MON 87460 and nontransgenic isolines was conducted at two South Dakota sites in 2009 and 2010. Root biomass and other samples were collected at silking and physiological maturity. Th e root/shoot ratios (including estimated root exudates) ranged from 0.40 to 0.78, and the belowground biomass contained in the surface 15 cm was 70% of the belowground biomass returned to the soil. Root declination ranged from 20 to 40°. Th ere was no evidence to suggest that MON 87460 impacted shoot or root architecture or yield when grown in moderate-to high-yield environments. Th e measured root/shoot ratios were 0.54 g root g -1 aboveground biomass, and the harvest indices were 0.52 g grain g -1 aboveground biomass. Additional fi ndings showed that for soil organic C maintenance calculations, 88.6 ± 0.6% of unharvested C should be added to the surface 15 cm, and that in 2009, root/shoot ratios were positively correlated with yield loss due to water stress (r = 0.39, P < 0.01) and were not correlated with either yield loss due to N stress (r = 0.16) or grain yield (r = 0.06).
Doubling food production by 2030 is complicated by the climatic extremes that have been experienced during the last several years. For example, in the Northern Great Plains, the 2010 growing season was shortened by high spring rainfall and extensive fl ooding followed by an early September killing frost, whereas in 2011 high summer temperatures and mid-to lateseason drought during pollination and grain-fi lling resulted in reduced yields and crop failures. While we are unable to predict, much less control, the weather, developing tools that will help to mitigate climate variability are worthwhile pursuits. Monsanto has developed MON 87460, which is a transgenic corn cultivar with enhanced drought tolerance (Monsanto Japan, 2011) . MON 87460 expresses the cold shock protein B (CSPB) from Bacillus subtilis and neomycin phosphotransferace II from Escherichia coli, which served as a marker that accelerated event selection. In bacteria, the cold shock proteins are believed to preserve cellular functioning during stress by maintaining RNA stability (Castiglioni et al., 2008) . Related work showed that the CSPB protein in MON 87460 binds RNA and appears to help maintain cellular functions under stress conditions (Monsanto Co., 2009 ). In regulatory petitions to Japan, Monsanto Japan (2011) reported that under water-stressed conditions, MON 87460 has a higher grain count per ear and harvest index than nontransgenic corn. Many agronomists are concerned that a cultivar that increases yield under water-stress conditions will reduce yields when grown in high-yield environments. To assess this question, research using locally adapted hybrids, grown using tillage, herbicides, and fertilizer best management practices, needs to be conducted. Th e research reported by Castiglioni et al. (2008) was conducted at unspecifi ed sites, using corn with unknown maturity ratings, following unspecifi ed tillage and fertilizer practices. In addition, Castiglioni et al. (2008) did not report if yield responses resulted from diff erential water and N stress or if CSPB infl uenced root growth. Th is study was designed to overcome these limitations.
By increasing the amount of unharvested C returned to the soil, the use of drought-resistant hybrids may lead to improved soil health (Clay et al., 2006a (Clay et al., , 2007 . Carbon returned to the soil supports the soil biota, covers the soil, thereby reducing erosion, and helps to maintain the soil structure. Maintaining these functions requires that the C additions equal or exceed the mineralization rate . Unharvested C (UHC) is composed of two components, above-and belowground biomass. Aboveground biomass is relatively easy to measure; however, obtaining accurate measures of belowground biomass is very diffi cult (Huggins et al., 1998; Ehleringer et al., 2000; Bolinder et al., 2007; Mamani-Pati et al., 2010) . Th e objective of this study was to determine the influence of MON 87460, a corn hybrid that expresses CSPB, on corn grain yield, stover production, cob yields, root/shoot ratios, root distribution, harvest index, and leaf area when grown in moderate-to high-yield environments.
MATERIALS AND METHODS
In 2009, 16 of Monsanto's corn hybrids (eight containing MON 87460 and eight nontransgenic isolines) were seeded at Aurora (East-1-2009 ) and Wessington (West-1-2009), South Dakota (Table 1 ). The hybrids were designed for South Dakota (<100 d), and the experiment was repeated in 2010 with four corn hybrids (two containing MON 87460 and two nontransgenic isolines) at Wessington Springs (West-1-2010) and Wessington (West-2-2010) ( Table 1 ). The plot size was 3 by 10 m and each plot was four rows wide in 76-cm row spacing. Each treatment was replicated four times, and the experimental design was a randomized block. All hybrids were Roundup [glyphosate; (N-(phosphonomethyl) glycine] ready. Weeds were controlled as needed. Plant population levels are provided in Table 1 . At East-1-2009, a chisel plow was used to prepare the seedbed, while at West-1-2009 , West-1-2010 , and West-2-2010 , no-till management was used. The tillage systems were selected to match the dominant tillage systems used in area (Clay et al., 2012) . The plots were fertilized with 180 kg N ha -1 before seeding.
The soil series and selected field characteristics are provided in Table 1 . At East-1-2009, the soil texture was a silty clay loam and the parent materials were loess over glacial outwash. At West-1-2009 and West-2-2010, the soil texture was a loam and the parent material was glacial till. At West-1-2010, the soil texture was a loam and the parent materials were loess over glacial outwash.
Plant Sampling
Root distributions, leaf area, and root crowns were measured at silking (Klepper, 1991; Crozier and King, 1993) , while grain, cob, and leaf and stalk production were measured at physiological maturity. At physiological maturity, eight corn plants per plot were harvested. Each plant was separated into stover (leaves + stalks), grain, and cobs. Stover was dried at 60°C and weighed. Corn ears were dried, shelled, and the weights of the cobs and grain were determined. The harvest index is the ratio between corn grain and total aboveground biomass. The dried grain and stover subsamples were ground for chemical analysis.
At silking, 4-cm-wide soil cores from four locations in each plot were collected. Two cores were collected adjacent to a corn plant and two samples were collected halfway between two rows. Each core, containing roots and soil, was separated into the 0-to 15-, 15-to 30-, 30-to 60-, and 60-to 76-cm depths. Following root sampling, the aboveground plant and root crowns from two plants per plot were collected from an area that was 10 cm wide, 10 cm long, and 15 cm deep.
The soil root and crown samples were stored in a cold room (5°C) immediately after collection. Root crown samples were washed under a gentle running water spray to remove soil particles. The brace root angles were measured (root system declination). The cleaned root crown samples were dried at 60°C and weighed. The soil and root mixture was washed with a hydropneumatic elutriator (Smucker et al., 1982) to separate roots from soil. Roots + organic materials were separated from the soil particles by a submerged low-kinetic-energy primary sieve (925 mm). Using this approach, the main and lateral roots were separated from the soil particles. A secondary sieve (437 mm) was used to further separate roots from the mixture (Smucker et al., 1982) . During final cleaning, root and non-root materials were hand separated in clean water, dried at 60°C, and weighed.
Two-dimensional root distributions were reconstructed for an area with dimensions of 76 by 76 cm. In this reconstruction, total root weights for each sampling zone were determined based on sample location, sampling depth, and core volume. Roots in the unsampled area were calculated by assuming a linear relationship, within a sampling depth, for root distribution between the interrow and row samples. This correction was based on the sampling volume and the number of plants contributing to a zone. The measured root values did not account for exudates; therefore, based on Kuzyakov and Domanski (2000) and Larionova (2005, 2006) , the root + exudates values were calculated using roots exudates measured roots 2 + =´
Based on this information, the root/shoot ratios were calculated as root / shoot ratio roots exudates crown cob grain stover
where stover was leaves + stalks. Grain and stover subsamples were analyzed for total N, d 15 N, total C, and d 13 C. The d 13 C value [d 13 C = 1000 (R sample -R PDB standard )/R PDP standard , where R sample is the 13 C/ 12 C ratio of the sample and R PDB standard is the 13 C/ 12 C ratio of PeeDee belemnite standard) was used to calculate 13 C isotopic discrimination [D = (d 13 C sample -d 13 C PDB standard )/(1 + d 13 C PDB standard /1000), where δ 13 C sample is the δ 13 C of the sample and δ 13 C PDB standard is the δ 13 C of PeeDee belemnite standard] (Farquhar and Lloyd, 1993; Clay et al., 2003) , which was then used to calculate yield loss due to N stress (YLNS) and yield loss due to water stress (YLWS) (Clay et al., 2005) . This method is based on the relative amount of 13 C in the biomass, as an indirect measure of a plant's physiological response to water and N stress. A D value of 0 indicates that 13 C discrimination did not occur, whereas positive values indicate that 13 C discrimination occurred (Farquhar and Lloyd, 1993; Clay et al., 2001a Clay et al., , 2001b Clay et al., , 2006b Smeltekop et al., 2002) . Nitrogen and water stress have opposite impacts on D. The D-based approach to quantifying yield losses due to N and water stress requires the development of equations that define the relationships between yield and D. Based on these equations, YLNS and YLWS were calculated (Clay et al., 2005) . This approach for quantifying N and water stress have been tested in wheat (Triticum aestivum L.; Clay et al., 2001a) , corn (Clay et al., 2001b (Clay et al., , 2005 (Clay et al., , 2006b Kim et al., 2008) , and soybean [Glycine max (L.) Merr.; Clay et al., 2003] .
Statistical analysis was conducted separately for data collected in 2009 and 2010. The ANOVA for hybrid, site, transgenic, and site ´ hybrid was conducted using the PROC MIXED procedure that is available in SAS (SAS Institute, 1989) . Replication was considered random, and site, hybrids, and transgenics were fixed variables. Correlation matrix analysis was conducted to find the linear relationships between root and aboveground measurements. Unless otherwise noted, the significant level was 95% (P = 0.05; n = 128 in 2009, n = 16 in 2010)
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RESULTS AND DISCUSSION
MON 87460 Impact on Yield
The hybrid MON 87460 and the nontransgenic isolines had similar yields in 2009 (Table 2 ) and 2010 (Table 3 ). The lack of differences suggests that in the Northern Great Plains where producers routinely grow <100-d corn, MON 87460 did not reduce yields in moderate-and high-yield environments. Information provided in the Japan MON 87460 regulatory approval request (Monsanto Japan, 2011) indicated that MON 87460 has higher grain count per ear, yields, and harvest indices than nontransgenic isolines. Differences between water-stressed and unstressed conditions are intriguing and suggest two possibilities. The first is that crop responses are drought dependent and that MON 87460 may increase yields in fields with complex topographies. For example, across the U.S. north-central region there are many fields where water stress has reduced yields in summit and shoulder areas by 50% or more (Clay et al., 2001a) . Under this scenario, MON 87460 has the potential to increase yields in summit and shoulder areas without reducing yields in footslope areas.
The second possibility is that MON 87460 could lead to higher plant populations. During the past 30 yr, many of corn's yield increases have resulted from breeding programs that selected hybrids adapted to high-population environments (Duncan, 1954) . This selection approach increased field yields by increasing the population level. For example in the 1950s, optimum planting populations ranging from 50,000 to 60,000 plants ha -1 produced yields of approximately 7.5 Mg grain ha -1 , whereas in the 2000s, optimum plant populations ranging from 74,000 to 100,000 plants ha -1 produced grain yields of 14 Mg ha -1 (Lorenz et al., 2010) . These results have been attributed to the corn plant having fundamentally different responses to shade than many wild plants (Clay et al., 2009 ). For example, Clay et al. (2009) showed that the classical shade response in many wild plants is to grow taller and upregulate their photosynthetic capacity. Corn, on the other hand, has the opposite response to competition and decreases its height and downregulates many proteins associated with photosynthesis. This finding suggests that MON 87460 may provide opportunities to increase the planting density and ultimately yield.
In 2009, the highest yielding hybrids (data not shown) had the lowest yield losses due to N stress (P = 0.08). The apparent relationship between yield and N stress were attributed to: (i) synergistic relationships between N, water, and yield (Kim et al., 2008; Kharel et al., 2011); and (ii) Hybrid, Stress, and Site Impacts on Plant Architecture At East-1-2009 total above-and belowground biomass (roots + shoots) ranged from 26 to 28 Mg biomass ha -1 , while at West-1-2009 total above-and belowground biomass production was slightly higher and ranged from 28 to 33 Mg biomass ha -1 (Tables 2 and 3 ). The biomass allocated to the root crown, cob, grain, and stover were different for the two sites. At East-1-2009, 5.3, 5.1, 33.3, and 28 .6% of the total biomass was contained in the root crown, cob, grain, and stover, respectively, while at West-1-2009, 7.0, 4.9, 34.9, and 22.6% of the total biomass was contained in the root crown, cob, grain, and stover, respectively.
In 2009, stover yields (P = 0.06) and root/shoot ratios (P = 0.04) were impacted by hybrid. Hybrids with the highest stover yields (data not shown) had the lowest grain yields, and the hybrid with the highest root/shoot ratio had one of the lowest grain yields. In addition, (i) the root/shoot ratios were slightly lower at East-1-2009 (48%) than West-1-2009 (61%), and (ii) the root/shoot ratios were positively correlated with YLWS (YLWS = 437 + 4677(root/shoot ratio); r = 0.39, P < 0.01) and were not correlated with YLNS (r = 0.16) or grain yield (r = 0.06). These results suggest that in response to mild water stress, corn may increase root development at the expense of shoot production. These findings are in agreement with Sharp and Davies (1979) , who reported that root growth increases under mild water stress. Amos and Walters (2006) had contrary results and reported that N and P stress increased root/shoot ratios while water stress, shade, and compaction decreased root/shoot ratios.
In 2010, total above-and belowground biomass was 20.9 and 26 Mg ha -1 at West-1-2010 and West-2-2010, respectively (Table 3) . At West-1-2010, 11, 5, 40, and 27% of the above-and belowground biomass was allocated to the root crown, cob, grain, and stover, respectively, while at West-2-2010, 13, 5, 40, and 22% of the above-and belowground biomass was contained in the root crown, cob, grain, and stover, respectively. The relative amount of total biomass contained in the root crown was higher at West-1-2010 and West-2-2010 than West-1-2009 . The root/shoot ratios at West-1-2010 and West-2-2010 were 0.47 and 0.46, respectively. These values were similar to East-1-2009 (0.48) and lower than West-1-2009 (0.61) .
Data from 2009 suggested that root/shoot ratios may be influenced by hybrid. To assess the repeatability of these results, the two hybrids (data not shown) with the greatest difference in the root/shoot ratios were selected for additional work in 2010. For these cultivars, the 2009 results were not confirmed in 2010. The average root/shoot ratio across years and hybrids was 0.54. This root/shoot ratio is similar to the value used by Johnson et al. (2006) and Clay et al. (2012) .
Potential Impact of Plant Architecture on Soil Health
Higher drought tolerance could also be related to modified plant architecture (Hammer et al., 2009 ). Hammer et al. (2009 hypothesized that drought resistance could be improved by increasing the root declination. To assess root architecture, the root system declination (brace root angles) and belowground biomass distribution were measured. Brace root angle differences between the drought-tolerant (MON 87460) and non-drought-tolerant cultivars were not detected and ranged from 30 to 40° at East-1-2009 and 20 to 35° at West-1-2009 and West 2-2010 . At West-1-2010 , the angles ranged from 25 to 40°. These values are lower than the hypothetical root declination values (>45°) suggested by Hammer et al. (2009) . Location differences were attributed to different soils, tillage, and climatic conditions. Drought tolerance could also be attributed to root distribution. For example, does the plant have a deeper or shallower root system? In this experiment, spatial differences between the drought-tolerant and non-drought-tolerant hybrids were not detected. In spite of the expectation that corn's rooting depth in the Great Plains can extend to 2 m, very few roots were detected in the 60-to 76-cm soil depth.
Roots also impact the amount of UHC returned to the soil. For soil health assessments, root/shoot ratios have been used to estimate the amount of UHC returned to the soil (Ehleringer et al., 2000; Amos and Walters, 2006; Johnson et al., 2006; Bolinder et al., 2007) . These studies suggested that all sources of C, including exudates, should be included in C budget calculations. One technique to assess soil health is to determine the soil organic C maintenance requirement. Maintenance requirements are more accurate if they include an accurate estimate of the belowground biomass . Belowground biomass is generally estimated using an estimated root/shoot ratio, estimated harvest index, and measured yields (Larson et al., 1972; Huggins et al., 1998; Johnson et al., 2006; Clay et al., 2010) . Currently, there is no standardized approach to estimate soil organic C maintenance (Larson et al., 1972; Huggins et al., 1998) .
Research suggests that for soil health assessments, belowground biomass should be allocated to the appropriate soil depth. During the 4 site-yr, two hybrids partitioned 70% of the belowground biomass (roots + root crown) to the 0-to 15-cm soil depth. When all sources (belowground biomass + surface residue) of unharvested biomass was considered, 88.6% of the biomass was contained in the surface soil. Soil depth has a direct impact on the rate at which unharvested biomass is mineralized. Soil depth differences are attributed to decreasing O 2 concentrations with increasing depth. The failure to accurately account for shoot and root biomass partitioning across soil depths can have a profound impact on the resulting calculations. For example, allocating 100% of the unharvested biomass to the surface soil resulted in underestimating the relic C half-life.
Others have reported similar root distribution patterns. Follett et al. (1974) collected 10 monoliths (91 cm deep) centered over a corn row at silking. In these monoliths, 73% of the root biomass, not including crowns, was contained in the surface 20.3 cm. Laboski et al. (1998) reported that during a 3-yr period, in soil with a subsurface (15-60-cm) bulk density of 1.57 Mg m -3 , 94% of the roots were within the surface 60 cm, with 85% of the roots in the upper 30 cm. Barber (1979) reported that 54% of roots, to a depth of 60 cm, were in the surface 15 cm.
SUMMARY
In summary, research was conducted in 2009 and 2010. In both years, yields were in the moderate to high range. Under these conditions, MON 87460 and the nontransgenic isolines had similar yields, harvest indexes, and root/shoot ratios. Different results would be expected under moderate to high water stress, where yield advantages of 10% or greater have been reported for MON 87460 compared with an isogenic, conventional control (Monsanto Co., 2009; Monsanto Japan, 2011) . However, these results need to be confirmed for hybrids routinely grown in the semiarid Great Plains environment.
The influence of MON 87640 on plant architecture was explored. In this analysis, root distribution, root/shoot ratios, leaf area, and the partitioning of C from UHC (grain, stover, cobs, crown, and roots) into the soil were determined. In corn grown in moderate-to high-yield environments, MON 87460 and nontransgenic isolines had similar shoot and root architectures. The measured root/shoot ratios were 0.54 g root g -1 aboveground biomass, and the harvest indexes were 0.52 g grain g -1 aboveground biomass. Additional findings showed that for soil organic C maintenance calculations, 88.6 ± 0.6% of UHC should be added to the surface 15 cm, and that in 2009 root/shoot ratios were positively correlated with YLWS (r = 0.39, P < 0.01) and were not correlated with either YLNS (r = 0.16) or grain yield (r = 0.06).
